Some previous studies showed that ecosystem biogeochemical processes were significantly affected by variation of the temperature regime. For example, experimental warming led to photosynthesis intensification and increasing of the vegetation productivity and biomass accumulation Lin et al., 2010; Lu et al., 2013; Wu et al., 2011) . However, such association is not so clear under natural conditions . This study provides the results of a pixel-wise trend analysis which has been performed to identify regional trends in the vegetation productivity for the European territory over the last 14 years. The moderate-resolution imaging spectroradiometer (MODIS) time series data have been used to analyse net primary productivity (NPP) trends. The changes in terrestrial carbon stock caused by the dynamics of vegetation productivity have been estimated. The negative trend of the vegetation productivity was found for Eastern Europe. It was found that the increased summer temperatures negatively influenced the vegetation productivity in Western, Eastern and Southern Europe. The findings suggest that the mean summer temperatures have reached a threshold in Southern Europe and its subsequent growth would lead to reducing the vegetation productivity. At the same time in the northern regions, the threshold has not been reached; therefore, summer temperatures increasing will stimulate the growth of vegetation. Analysing the changes for different types of vegetation it can be noted that the carbon stocks of agricultural land have been decreased by 2.67 Mt C, while forests and savannah areas have positive dynamic (the carbon stocks have been increased by 1.64 and 3.7 Mt C respectively). Summary results for the whole European region indicate a positive trend (2.67 Mt) of C stock in the terrestrial vegetation.
Introduction
Greenhouse gases (GHG) concentration in the atmosphere is an important component of the global climate system. It absorbs thermal infrared radiation emitted by the surface of our planet and, thereby, affects the temperature regime of the planet (IPCC, 2001) . The atmosphere is a very dynamic system. According to the reports of the Intergovernmental Panel on Climate Change (IPCC), increasing of GHG concentration in the atmosphere that occurred during the last decades, entailed intensification of radioactive forcing of the long-lived GHG by 9% for period 1998 -2005 (IPCC, 2007 and by 7.5% for 2005 (IPCC, 2013 . And about 80% of this effect is generated by carbon dioxide (CO 2 ).
Terrestrial ecosystems are a major player in interaction between the land surface and the atmosphere. They can release or absorb globally relevant greenhouse gases, and they control exchanges of energy and water between these geospheres (Heimann & Reichstein, 2008) . Ecosystems themselves are subject to climatic conditions. They store large amount of carbon in living vegetation, and release of this carbon into the atmosphere could have tremendous consequences. There are two main factors which generate changes in carbon fluxes between the atmosphere and terrestrial ecosystems: i) land use changes (deforestation, irrigation, melioration etc.) and ii) UDC (528.831.1/.4:633.003.13):629.783](4) changes in the vegetation productivity and biomass stocks as a physiological reaction of plants on climate changes (Houghton, 2005; Zhou et al., 2001; de Jong et al., 2013; Mohamed et al., 2004; Piao et al., 2005; Groisman & Lyalko, 2012) .
It is assumed that terrestrial ecosystems will provide a positive feedback in a warming world on a global scale. The changes of climate factors have various strengths and directions depending on geographic location, and different ecosystems have various sensitivities to climate changes ). The regional feedbacks, nevertheless, are hardly predicted because of different ecosystem reactions within diverse geographical regions. For example, annual tree growth in tropical forests has shown a negative correlation with temperature (Clark et al., 2008) . And this negative response of vegetation productivity to mean annual temperature (MAT) variability may arise from the fact that tropical forests already operate near to a high-temperature optimum above which photosynthesis rate declines (Piao et al., 2013; Corlett, 2011) . In boreal regions, vegetation growth is limited by temperature through the control of the growing season length (Piao et al., 2013; However, de Jong et al., 2013) reported that deciduous needleleaf forests show reduced vegetation activity despite the warming trend. In temperate regions, the response of GPP to MAT depends on the balance between the positive effect of warming through extending the growing season in spring and the negative effect of warming through enhanced soil moisture stress in summer (Piao et al., 2013) . Some recent work also suggests that the length of photoperiod may limit GPP (Bauerle et al., 2012) .
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Methods and data

Vegetation productivity data
Among all methods, only satellite observations provide the global spatially continual observations of the vegetation productivity. The production efficiency models (PEMs) have been developed to monitor the primary production, taking advantage of the available satellite data (Mc Callum et al., 2009) . The PEMs are based on the theory of the light use efficiency (LUE) which states that a relatively constant relationship exists between the photosynthetic carbon uptake and radiation absorption by vegetation at the canopy level (Anderson et al., 2000) . The U.S. National Aeronautics and Space Administration (NASA) Earth Observing System (EOS) currently produces a regular global estimate of GPP and NPP of the entire terrestrial Earth's surface at 1-km spatial resolution (MOD17 model) (Running et al., 2000) . The core science of the algorithm is an application of the radiation conversion efficiency concept to predictions of daily GPP, using satellite-derived FAPAR (from MOD15) and independent estimates of PAR and other surface meteorological fields (Heinsch et al., 2003) :
(1)
where, GPP -gross primary productivity (g C m-2); PARphotosynthetically active radiation (MJ m-2); FAPAR -fraction of absorbed PAR (dimensionless %); ε -light use efficiency (g C MJ-1); STmin -daily minimum temperature scalar, SVPDvapor pressure deficit scalar (0-1). The subsequent estimation of maintenance (MR) and growth (GR) respiration terms that are subtracted from GPP to obtain annual NPP (Heinsch et al., 2003) :
The data from the Collection 5 of the MOD17A3 model were used. The data are freely available via the Atmosphere Archive and Distribution System (LAADS) of the NASA (http:// ladsweb.nascom.nasa.gov/). The MOD17A3 is an annual sum of the GPP and NPP. The model is based on data obtained from the MODIS spectrometer located on the Terra and Aqua platforms. The spatial resolution of the model is 1 × 1 km, which allows assessing of the GPP and NPP at the regional and local levels. The data set contains the observations for 14 years (from 2000 through 2013). The uncertainty of the model was estimated about 13-15%. There are two main sources of the uncertainty. Firstly, the MOD12Q1 land cover product used in the model has accuracy in the range of 70-80%, and most of the mistakes are between similar classes (Strahler et al., 2002) . Secondly, large-scale meteorological data are provided by the NASA Data Assimilation Office (DAO). These data are derived using a global circulation model (GCM). Preliminary studies done by the Numerical Terradynamic Simulation Group (NTSG) suggest that the relationship between surface observations and DAO data across the U.S. appears reasonable, but comparisons have yet to be made on a global scale (Heinsch et al., 2003) . As a result, it may contain systematic errors in some regions. The uncertainties in meteorological data are mainly responsible for the unrealistic GPP in some small regions. For these pixels located in harsh environments, overestimated temperature alone, for example, can be enough to produce underestimation of the GPP due to the higher Vapor Pressure Deficit (VPD). A detailed discussion about the MOD17 algorithm sensitivity to meteorological inputs can be found elsewhere (Zhao et al., 2006) .
Temperature data
Data about 2-meter air temperature was obtained from the ERA-Interim global atmospheric reanalysis (Dee et al., 2011) produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) (http://www.ecmwf.int/en/research/ climate-reanalysis/era-interim). The ERA-Interim data sets contain a data at different levels: analysis fields, forecast fields and fields available from both the analysis and forecast. The data from step 0 that correspond to only analysis fields and which were produced for 12:00 UTC have been used. The data set is based on the regular grid with 0.125 × 0.125 degree spatial resolution. The temperature parameters (Table1) have been calculated using daily data for each year between 2000 and 2013. After that, the data were interpolated to 1 × 1 km spatial resolution using an original kriging approach for spatial harmonization with the MOD17A3 Product data. 
Land cover data
The MOD12Q1 Land Cover Type Product supplies global maps of land cover at1 km spatial resolution. The IGBP land cover scheme provided by the International Geosphere-Biosphere Programme (IGBP) (http://www.igbp.net) was used. The MOD12Q1 is a global product and has detailed classification scheme (17 classes). Whereas such detail classification is not necessary for the study, the reclassification with aggregation of main vegetation classes (forest, grass-& shrublands (savannas) and croplands) has been done ( Table 2 ). This reclassification also should lead to rising of the classification accuracy since most mistakes are between similar classes.
Analysis
A general concept of the data collection, processing and analyzing is shown in Fig. 1 . Temperature parameters have been calculated from the downloaded temperature data. After that, the data sets were spatially and temporally harmonized with the vegetation productivity data. The pixel-wise trend analysis has been performed to identify trends of certain parameters (P i ) for each pixel (x) using linear regression:
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Finally, the statistic has been calculated to estimate significance (p-value) of the results.
The data analysis was performed for each land cover class within each European region to identify differences in relations between the vegetation productivity and temperature parameters between these regions. The geographical region and sub-region grouping scheme from the United Nations Statistics Division (http://unstats.un.org/unsd/default.htm) has been used (the territory of European Russia is not accounted in the calculation). All the algorithms and statistical treatments were implemented with R software (http://www.r-project.org/).
The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Results
Regional trends of the vegetation productivity
The territory of Europe has a broad latitudinal extent that defines climatic heterogeneity of the regions from north to south and causes ecosystem diversity. The various types of ecosystems respond differently to climate changes (Heimann & Reichstein, 2008; Movchan & Kostyuchenko, 2015) . For example, Frank, D. et al. (2015) deduced that climate extreme of a certain magnitude will not have the same impact on forest, grasslands or croplands. Therefore, the vegetation productivity trends of various land-use classes for the European regions have been calculated to identify such differences.
The results of a pixel-wise trend analysis averaged by regions and land cover types over Europe show that the vegetation productivity (NPP) did not change significantly for most of the European territory. Only 8.3% (465 247.3 sq km) of the total vegetation area showed a significant change in NPP (Fig. 2) . Herewith 3.6% (200 039.6 sq km) of this change had decreasing trend and 4.7% (265 207.7 sq km) were positive.
The regional distribution of the vegetation productivity trends shows that area of the statistically significant NPP trends in Southern and Eastern Europe has been larger (12% and 9% of the total vegetation area respectively) than in Western and Northern Europe (about 5% of the total vegetation area in both cases). Meanwhile, in Southern Europe, such trend has a clear positive dynamic, while poor predomination of negative one take place in Northern Europe. The distribution of the trend directions for Western and Eastern Europe is approximately equal.
The distribution of the vegetation productivity trends within different land-use classes is presented in Table 3 . We can see that croplands have the largest areas with the statistically significant vegetation productivity trends (14% of the total cropland area) with a slight predominance of positive tendency. For the forest, such areas cover 5% of total area and the trend has a clear positive tendency. Savannas' vegetation showed the slightest NPP change (about 4-5% of the total area) with absolute predomination of positive tendency.
Using this areal valuation and taking into consideration amplitudes of the trends (Table 4 ) calculated for each region, the changes in terrestrial vegetation carbon stock during last 14 years have been investigated. The results showed that the most significant changes in carbon stocks took place in Eastern and Southern Europe. In Eastern Europe carbon stocks of terrestrial vegetation were reduced by 5.26 Mt C. This reduction was mainly due to agricultural land (-4.6 Mt C). In Southern Europe the carbon stocks were increased by 8.06 Mt C. A significant increase was observed for both agricultural land (4.2 Mt C) and for savanna (3.16 Mt C). C stocks changes in other regions were unessential.
Analysing the changes for different types of vegetation it can be noted decreasing in C stocks for agricultural land (-2.67 Mt C) and increasing stocks for forests and savannah (1.64 and 3.7 Mt C respectively). Summary results for the whole European region indicate a positive trend (2.67 Mt) of C stock in the terrestrial vegetation. Table 4 . Averaged amplitudes of NPP trends (kg C m-2) for the areas with negative and positive dynamics for each region
Relations of the vegetation productivity and temperature regime
MAT is one of the key parameters used for climate studies to describe the temperature regime of a territory (IPCC, 2001; Hartmann et al. 2013; Bonnaventure & Lewkowicz 2013) . However, it is not an appropriate parameter to assess the impact of temperature regime on the vegetation productivity since plants react mainly to extremes rather than the average temperatures. In this case, the seasonal distribution of air temperature and duration of periods with extreme temperature conditions is more important. Therefore, mean winter (MTwin), spring (MTspr), summer (MTsum) and autumn (MTaut) temperatures have been used in the study. The number of days with temperatures above 0°C (ND0) and above 5°C (ND5) has also been calculated to assess the response of vegetation on variations in the growing season length. And the number of days with temperatures above 25°C (ND25) has been used to assess the response of vegetation on the periods with extremely high temperatures and its duration.
The results of the regression analysis did not show a clear relationship between changes in the vegetation productivity and parameters such as MAT, MTwin, MTspr, MTaut, ND0, and ND5. Per-pixel analysis showed that the most of the study area does not have a statistical significance of the relationship. This means that changes of above-listed parameters do not affect the dynamic of the vegetation productivity and were not limiting or stimulating factor for the vegetation growing (except small areas).
The relation between the dynamics of the vegetation productivity and ND25 was statistically significant only for Western and Southern Europe (Table 5, Fig. 3) . Therewith, the relation was negative in all cases and increasing of the period's duration led to the productivity reduction. It means that increasing of ND25 was the limiting factor for the vegetative growth in certain areas.
The similar analysis for MTsum (Table 5 , Fig. 4) shows that the vegetation productivity was more sensitive to summer temperature increasing. The response was statistically significant 
Discussion and Conclusions
The results showed that the mean summer temperature has the strongest impact on the vegetation productivity dynamic among all the temperature parameters. The increasing of summer temperatures caused the strongest statistically significant response of the vegetation over a substantial part of the study area. And the statements about the spatial heterogeneity of such response across a latitudinal gradient and varying sensitivity of different types of the vegetation to climate change (Houghton, 2005 , Zhou et al., 2001 , de Jong et al., 2013 , Mu et al., 2011 , Piao et al., 2005 , Frank et al., 2015 , Zhang et al., 2007 have been confirmed by the results.
The increased summer temperatures negatively influenced the croplands productivity in Western, Eastern and Southern Europe., The effect has been absent in Northern Europe. In addition, the intensity of the impact grows towards lowering latitudes. Gornall et al. (2010) , Porter and Semenov (2005) have shown that even in the middle latitudes croplands decrease its productivity under high temperatures without proper adaptation. And it agrees with the obtained results. The absence of the dependence for the higher latitudes can be explained by the fact that the summer temperatures increasing did not reach critical values and did not cross the threshold in northern regions.
Forest ecosystems have a lower threshold to extremely high temperatures (Bun' et al., 2004) . And the results are consistent with this. The finding shows that forest is significantly more responsive to growing summer temperatures compared to croplands. Moreover, this reaction varies in the latitudinal direction. The negative effect is predominated in low and Fig. 3 . Spatial distributions of the regression coefficient β 1 (Eq. 4) for ND25 (a) and its statistical significance (p-value) (b) Fig. 4 . Spatial distributions of the regression coefficient β 1 (Eq. 4) for MTsum (a) and its statistical significance (p-value) (b) middle latitudes, while in high northern latitudes the average summer temperatures increasing stimulated the growth of the forest biomass. These results are in a good agreement with Johnsen et al. (2013) and Chertov et al. (2010) . They showed the various growth responses of tree growth to a climate across a diverse and complex landscape within different latitudes. Like in the case of forests, savannas also reduced its productivity with rising of summer temperatures in the southern and middle latitudes and enhanced one in northern regions. Thus, we can conclude that the mean summer temperatures reached a threshold in Southern Europe and its subsequent growth will lead to reducing the vegetation productivity. At the same time in northern regions, the threshold has not been reached; therefore, summer temperatures increasing will stimulate the growth of vegetation.
As we can see, nowadays dynamic of vegetation productivity in Europe is not disquieting. The NPP changes were observed for less than 10% of the total vegetation area and generally had a poor positive trend. Nevertheless, despite the absence of negative evidences, analysis of relations between the vegetation productivity and temperature regime clearly shows that most European vegetation operates at its temperature optimum and further temperature increasing will lead to inhibition of plant growth (exception is Northern Europe). Summer temperatures have the strongest impact on the vegetation productivity dynamic among all concerned temperature parameters. And while in the western part of Europe this negative impact is smoothed out by maritime climate, in Eastern Europe (where the climate is more continental) we already can see the beginning of negative processes.
